Genotyping-by-sequencing (GBS) was used to investigate and identify the introgressed genomic regions that corresponded to resistance alleles for anthracnose (Co-2 and Co-3), bean common mosaic virus (BCMV), and bean common mosaic necrosis virus (BCMNV, I and bc-3) in a set of bean near-isogenic lines (NIL). The GBS analysis provided 12,697 single nucleotide polymorphisms (SNPs) although the densities along the chromosomes were not uniform, and some chromosomal regions, such as centromeric or pericentromeric regions, were less tagged. The backcrossing method resulted in the introgression of genomic regions into specific chromosomes. The number of introgressed region-tagging SNPs varied between 1 and 13, representing between 0.33 and 6.88% of the bean genome. The changes detected among the recurrent parent and NIL in chromosomal regions are candidate regions that may contain the introgressed genes. By comparing the NIL derived from the same resistance source, it was possible to delimit in chromosomes Pv02, Pv04, Pv06, and Pv11 the genomic regions containing the resistance genes I, . Results allowed verification of the physical positions of the resistance genes and a clearer physical position of the anthracnose resistance genes Co-2 and Co-3. Two nonoverlapping regions were delimited in chromosome Pv11 from common regions in NIL with resistance loci mapped to the Co-2 cluster. Alleles of the loci included within these genomic regions show strong linkage disequilibrium. This knowledge can be used in selection programs involving these regions rich in resistance genes.
I dentification of genomic regions or nucleotide sequences involved in controlling a particular trait can be used to deepen the understanding of its expression, and to develop molecular markers useful in breeding programs or genetic analyses (Collard and Mackill, 2008; Davey et al., 2011) . Genome-wide genetic marker discovery and genotyping can be performed with different methods that use next-generation sequence techniques (Davey et al., 2011) . Genotyping by sequencing (GBS) is one method that involves the digestion of genomic DNA with a frequent cutter and the sequencing of the ends of the resulting restriction fragments (Elshire et al., 2011) . This technique provides numerous SNP markers along chromosomes and their chromosomal coordinates, if a reference genome is available. GBS has already been used in genome-wide association studies, linkage genetic map development, and diversity analyses in plants (Hart and Griffiths, 2015; Huang et al., 2014; Rabbi et al., 2014) .
Common bean (Phaseolus vulgaris L.) is an autogamous diploid legume species (2n = 11), and its genome has recently been sequenced and annotated (Schmutz et al., 2014) . Common bean can be attacked by many plant pathogens (Schwartz et al., 2005) , including anthracnose and polyvirus, which are responsible for significant losses worldwide. Bean anthracnose is caused by the fungus Colletotrichum lindemuthianum (Sacc. & Magnus) Lams.-Scrib, which can affect all of the aerial plant parts at all stages of development. Resistance to C. lindemuthianum in common bean generally follows a qualitative mode of inheritance. More than 17 anthracnose race-specific genes (named Co-) have been described. Although not all of the reported resistance genes to anthracnose have been mapped or characterized using the same fungal isolates, several have been located on 8 of the 11 bean linkage groups (LGs): Pv01, Pv02, Pv03, Pv04, Pv07, Pv08, Pv09, and Pv11 (Campa et al., 2014; Trabanco et al., 2015) .
Bean common mosaic (BCM) can be caused by two related potyviruses, BCMV and BCMNV. Resistance to both potyviruses follows a qualitative mode of inheritance, and different loci can be involved in the resistance to specific strains of BCMV and BCMNV: a single dominant gene I and four recessive genes (bc-u, bc-1 1 /bc-1 2 , bc-2 1 /bc-2 2 , and bc-3). The I gene protects against all the BCMV strains, but its presence can cause necrotic reactions on leaves or systemic necrosis in plants infected with BCMNV strains. Several gene combinations can also protect against the strains of these two potyviruses (Drijfhout, 1978; Strausbaugh et al., 2003) . Genes I, bc-1, and bc-3 were mapped in the LGs Pv02, Pv03, and Pv06, respectively (Johnson et al., 1997; Miklas et al., 2000; Vallejos et al., 2006) .
Both diseases are common in the local bean crops of northern Spain, and they cause significant yield losses. Using a backcrossing method, resistance to anthracnose local isolates and BCM were introgressed into line A25, which belongs to the market class fabada. Selection was performed using resistance tests, and it was combined with marker-assisted selection in pyramiding of epistatic resistance genes. A set of NIL (lines that are identical except at one or a few genetic loci), having the fabada seed phenotype but different combinations of resistance genes, were obtained. The resistances to anthracnose local isolates (races 6 and 38) were conferred by genes located in the positions of the resistance clusters Co-2 and Co-3, on LG Pv11 and Pv04, respectively (Ferreira et al., 2012; Méndez-Vigo et al., 2005) . The introgressed resistance to BCM was controlled by genes mapped to the positions of the known genes I and bc-3 (LG Pv02 and Pv06, respectively). The genetic positions of the introgressed resistance genes are known from genetic analyses and from genetic positions of closely linked sequence-characterized amplified region markers. However, in some cases it is not clear which resistance source provided what resistance, and the markers do not differentiate well the resistance sources. It is not known to what extent the markers actually tagged resistance genes and which loci actually conferred resistance to the local strains.
Segregating populations derived from biparental crosses (e.g., F 2 populations or recombinant inbred lines) have commonly been used to approach the genes governing qualitative or quantitative phenotypic traits (forward genetics). Sets of NIL can also be useful in the genomic approach and gene identification. In fact, NIL have been used for identification of markers linked to resistance genes by investigating variations supplied by RAPD markers between the recurrent parent and resistant NIL (Martin et al., 1991) . Currently, tools such as GBS allow for the fast, large-scale genotyping and quick scanning of all of the chromosomes. In this study we investigated changes that occurred during breeding in the 11 bean chromosomes using SNPs supplied by the GBS analysis. Furthermore, we used this analysis to delimit the genomic regions involved in the genetic control of the introgressed resistance in line A25 and to approach to the loci responsible for the expression of the resistance phenotype.
Materials and Methods

Plant Material
Sixteen NIL derived from line A25, carrying different gene combinations were analyzed in this study (Table  1 ; Supplemental Fig. S1 ). Line A25, from a selection of the Asturian landrace Andecha, has an indeterminate climbing growth habit, very large seeds (100 g/100 seeds) and belongs to the market class fabada (Voysest, 2000) . The NIL were obtained in two steps, backcrossing and pyramiding (Ferreira et al., 2012) . In the first step, genes of anthracnose and BCM resistance were introgressed into line A25 using a backcrossing method (Fehr, 1987) , which included six backcross generations followed by three or four self-pollinated generations with individual plant selection. The NIL A1231, A1258, A1220, A1183, and A1878 were obtained through five parallel backcrossing programs in which line A25 was the recurrent parent and lines A321, A252, A493, and Sanilac Bc6-Are were the anthracnose resistance donors. Lines A2418 and A2648 were obtained through two parallel backcrossing programs in which A25 was the recurrent parent and lines BRB130 and IVT7214 were the BCM resistance donors. Line Xana, having a determinate growth habit controlled by the fin gene, was also obtained in this first step using the pedigree method (Fehr, 1987) in which local accession V203 was the donor. In a second step, lines A1699, A2438, A2806, A3308, X1612, X1358, X1319, and X2776 were obtained in a pyramiding process using the pedigree method from a single cross between lines obtained in the first step (Table 1 ; Supplemental Fig. S1 ). In all of these breeding programs, resistant plants were selected using classical resistance tests, or combining resistance tests and marker-assisted selection (Ferreira et al., 2012) .
DNA Isolation
Genomic DNA was isolated from young leaves using the FastDNA kit (MP Biomedicals, LLC) following the supplier's instructions. Concentrations of DNA were quantified photometrically (absorbance measurements between 260 and 280 nm) using a BioMate 3S UV-visible spectrophotometer (Thermo Scientific, Waltham, MA). The quality levels of the isolated DNA samples were verified in 1% agarose gels, stained with ethidium bromide and visualized under ultraviolet light. The DNA samples were preserved at -80°C.
Genotyping-by-Sequencing
Genotyping-by-sequencing, as described by Elshire et al. (2011) , was performed at the Institute of Genomic Diversity, Cornell University, Ithaca, NY. Briefly, DNAs from the lines were digested individually with the ApeKI restriction enzyme, which recognizes a five base-pair sequence (GCWGC, where W can be either A or T). This enzyme was chosen because of its partial sensitivity to DNA methylation, which avoids repetitive element regions, and the frequency of DNA-cutting (Elshire et al., 2011) . One 95-plex GBS sequencing library was prepared by ligating the digested DNA to unique nucleotide adapters (barcodes) followed by PCR with flow-cell attachment site tagged primers. Sequencing was performed using Illumina HiSeq2000. The sequencing reads from different genotypes were deconvoluted using the barcodes and aligned to the Phaseolus vulgaris reference genome, v. 1.0 (www.phytozome.org/; Goodstein et al., 2012; Schmutz et al., 2014) using the Burrow Wheelers Alignment tool (Li and Durbin, 2009 ). SNPs were extracted using the GBS pipeline implemented in TAS-SEL 5.0 software (Bradbury et al., 2007) .
Data Analysis
The GBS markers were filtered and extracted using the TASSEL 5.0 software. Heterozygous SNPs, or those with missing values, were not considered in the analysis. To estimate the proportion of mistakes in GBS analysis, we investigated the rate differences between duplicated samples of the same genotype divided by the total number of SNPs detected. The two duplicated DNA samples were derived from the same genotype and isolation process, and they were included in the same plate.
The data analysis was performed as follows. First, the variations between the recurrent fabada line A25 and the seven donor lines were analyzed along the 11 chromosomes to know level of polymorphisms supplied by the GBS analysis. Second, SNPs showing the donor's genotype (introgressed SNPs) in the seven NIL derived from the backcrossing programs were investigated. Line Xana, which was obtained using the pedigree method, was also included in this analysis. From this analysis it was possible to identify blocks of adjacent SNPs having the donor genotype in the obtained NIL (introgressed genomic regions). Two blocks were considered different if they were separated by a region >0.1 Mb tagged by at least two SNPs having the recurrent parental genotype. Third, the common genomic regions among NIL derived from the same donor were analyzed in specific chromosomes to delimit the region carrying the introgressed resistance genes in line A25. The genomic regions were delimited based on the physical position of the SNPs flanking the introgressed region (coordinates of the first and last introgressed SNPs). Finally, we took advantage of the P. vulgaris genome to investigate the functional annotations of the predicted genes within the delimited genomic region (www.phytozome.net, verified 29 July 2016).
Results
Results of the Genotyping-bySequencing Analysis
Sequencing the GBS libraries yielded approximately 291 million reads, resulting in 1,943,346 tags in the plate containing the 24 genotypes analyzed in this study (77.7% were aligned to a unique position). The proportion of missing data in the samples was 26.3%, while the proportion of heterozygous sites was 23.8%. The plate included three duplicate DNA samples: lines A493, A321, and A252. The error rates between duplicated DNA samples ranged from 0.001% (A493) to 0.003% (A321). Excluding heterozygous and SNP with missing values, a total of 12,731 SNPs or polymorphic sites were found among the 24 genotypes, of which 12,697 were assigned to physical positions in one of the 11 chromosomes. The number of SNPs varied across chromosomes, ranging from 836 on chromosome Pv10 to 1474 on chromosome Pv02. On average, for the whole genome, 25.01 SNPs/Mb were found, varying between a minimum of 19.31 SNPs/Mb on chromosome 10 and a maximum of 33.99 SNPs/Mb on chromosome Pv06 (Supplemental Table S1 ).
Distribution of Single Nucleotide Polymorphism Markers
Density along the 11 bean chromosomes, as provided by the GBS analysis, was investigated between A25 and the respective donor lines ( Fig. S2 ). Lines involved in pyramiding programs exhibited lower levels of polymorphism. SNPs were located in specific chromosomal regions involving the chromosomes Pv01, Pv02, Pv04, Pv06, Pv7, and Pv11 in the lines having indeterminate growth habit, and the chromosomes Pv01, Pv02, Pv03, Pv04, Pv05, Pv06, Pv07, and Pv11 for the lines derived from Xana with determinate growth habit (Supplemental Fig. S3 ).
Introgressed Genomic Regions
The number and physical positions of the SNPs introgressed were investigated by comparing the recurrent line A25, the donor lines, and the resulting NIL directly derived from introgression ( Table 2 ). The positions of introgressed regions (tagged by SNPs with donor genotype) from the respective donors in each obtained line is shown in Fig. 1 . Chromosomes, number of blocks, and size of the introgressed regions in the seven lines derived from backcrossing are summarized in Table 3 . In these seven NIL, the size of introgressed regions ranged Number and physical positions of the SNPs detected in the lines obtained from pyramiding process were also analyzed. SNPs in these eight NIL did not show a homogeneous distribution along the eleven chromosomes (Supplemental Fig. S3 ). The chromosomes Pv03, Pv05, Pv08, Pv09, and Pv10 did not present SNPs in indeterminate lines (A1699, A2438, A2806, A3308), while the chromosomes Pv08, Pv09, and Pv10 were not tagged with SNPs in determinate lines (X1319, X1358, X1612, X2776). Figure 2 represents the modified regions in the respective NIL from the SNPs detected between parents. Supplemental Table S2 summarizes the introgressed regions in the chromosomes Pv02, Pv04, Pv06, and Pv11 for the 15 fabada NIL analyzed in this work according the resistance source. Lines obtained in the pyramiding maintained introgressed regions in the backcrossing program and blocks derived from both parents. Determinate lines showed largest numbers of blocks from both parents than indeterminate lines (see Fig. 2) , probably due to different backgrounds. All determinate lines were derived from the Xana line, which was obtained from the cross V203 ´ A25 using a pedigree method; while all indeterminate NIL were derived from the A25 line.
Delimiting Introgressed Genomic Regions
To approach the resistance-associated loci, the common genomic regions among the NIL derived from the same donor were investigated in chromosomes Pv02, Pv04, Pv06, and Pv11. The chromosomes included in this analysis were selected based on a previous genetic analysis that indicated that they contained the introgressed resistance genes I, Co-3, bc-3, and Co-2. Table 4 shows the delimited physical positions from common introgressed regions in NIL derived from the same resistance source in the specific chromosomes.
Chromosome Pv02 in the Near-Isogenic Lines Derived from Sanilac Bc6-Are and BRB130
In their genealogies, near-isogenic lines A1878, A2806, A3308, X1612, and X2776 have the resistance source to BCM Sanilac Bc6-Are (Table 1 ; Supplemental Fig. S1 ) in which the I gene is involved. An analysis of chromosome Pv02 in these five resistant NIL showed that they all contained an introgressed region tagged by SNPs having the donor genotype (Supplemental Table S3a ) in the physical position between 47.93 and 48.04 Mb. This region represents 0.22% of chromosome Pv02. The NIL A2418, A2806, A3308, and X2776 have in their genealogies the resistance source to the common mosaic virus BRB130 (Table 1 ). The five lines share a common block at the end of chromosome Pv02, between physical positions 47.93 and 48.72 (Supplemental Table S3b ). This region covers a size of 0.79 Mb, representing 1.6% of chromosome Pv02. An in silico study of the physical region introgressed from lines Sanilac Bc6-Are and BRB130 revealed the presence of 97 annotated genes, of which only 20 were common between both regions (Supplemental Table S4a ). The delimited regions contain genes typically involved in pathogen recognition or signaling mechanisms, such as genes encoding typical R proteins. The region in this set of NIL contained 10 annotated genes encoding these domains. However, the region derived from Sanilac Bc6-Are has only two genes that contain any of these domains. Genes Phvul.002G319400 and Phvul.002G319900, encoding proteins with LRR (leucinerich repeat) and PK (protein kinase) domains, were in the two delimited regions.
Chromosome Pv04 in the Near-Isogenic Lines Derived from A493 and A321
The anthracnose-resistant NIL A1220, A1699, A2438, A3308, and X1319 were derived from line A493 (Table  1) and carry resistance loci located in the Co-3 cluster. The five resistant lines have an introgressed region in the beginning of chromosome Pv04. The common region in these five lines was located between the physical position 0.37 and 1.40 Mb, representing 2.31% of chromosome Pv04 (Supplemental Table S3c ). One anthracnose resistance locus located in the Co-3 cluster was also introgressed in line A1231 from the resistance source A321 (Table 1 ). This NIL also carries an introgressed fragment at the beginning of chromosome 4, at physical position between 0.04 and 1.72 Mb (Supplemental Table S2 ). This fragment represents 3.77% of chromosome Pv04. An in silico exploration of the reference genome showed 162 annotated genes in between coordinates 0.04 and 1.72 Mb, including 34 genes with typical domains associated with disease responses (Supplemental Table S4b ). Interestingly, three clusters of genes encoding R proteins were detected in the two delimited regions (positions 0.67-0.84, 1.31-1.38, and 1.57-1.62). 
Chromosome Pv06 in the Near-Isogenic Lines Derived from BRB130 and IVT7214
The A2418, A2806, A3308, and X2776 NIL are derived from the resistance source to common mosaic virus BRB130 (Table 1) in which the gene bc-3 is involved. The resistant NIL A2418, A2806, and A3308 exhibited a common region from 28.00 to 29.08 Mb of chromosome Pv06, which represents 3.39% of the chromosome. Surprisingly, the X2776 line lacked this introgressed region (Supplemental Table S3e ). NIL derived from IVT7214 (A2648) has an introgressed block located in a similar position of chromosome Pv06 (Supplemental Table S3f ), although in line A2648 the block was larger (25.47 to 29.68 Mb; Supplemental Table S2 ). An in silico exploration revealed 127 predicted genes in this common region (Supplemental Table S4c ), 12 of which had annotated functions associated with the negative regulation of the epidermal growth factor receptor signaling pathway. Interestingly, the border of this delimited region includes the Phvul.006G168400 gene that encoded a translation initiation factor involved in the regulation of protein synthesis and which has been associated with resistance to potyvirus.
Chromosome Pv11 in the Near-Isogenic Lines Derived from Sanilac Bc6-Are and A252
The anthracnose resistant NIL A1183, A1878, A2438, A2806, A3308, X1358, X1612, and X2776 are derived from the anthracnose resistance source Sanilac Bc6-Are (Table  1) , which harbors resistance loci in the Co-2 cluster. The eight NIL exhibited two common introgressed regions between the physical position 46.72 and 48.65 Mb. Both regions, separated by 0.19 Mb, were tagged with nine SNPs from the recurrent genotype (Supplemental Table  S3g ). The two introgressed regions covered 1.74 Mb (3.41% of chromosome Pv11). A total of 162 predicted genes are annotated in both regions of which 70 encoded proteins containing LRR, PK, or TIR-NBS domains (Supplemental Table S4d ). Most of these genes were grouped in the two main blocks . However, the NIL A1258, A1699, and A3308 have in their genealogies the anthracnose resistance source A252 (Table 1 ).
The three NIL showed two common regions in the end of chromosome Pv11 between the physical positions 45.18 and 47.07 Mb. The two regions are separated by more than 0.2 Mb, tagged by four contiguous SNPs having the genotype of the recurrent parent (Supplemental Table S3h ). Both regions covered a total of 1.64 Mb (3.25% of chromosome Pv11) and included 156 predicted genes, of which 27 encoded proteins with LRR, TIR-NBS, or PK domains. Finally, a common region of 0.11 Mb was present in the introgressed regions from Sanilac and A252 (Supplemental Table S4d ), which included 16 annotated genes, which all encoded R proteins.
Discussion
In this study, GBS analysis was used to scan and identify changes in the bean chromosomes after a breeding program as well as to delimit the genomic regions involved in the control of anthracnose and potyvirus resistance. The GBS analysis provided many SNPs (12,697) with known physical positions. The number and distribution of the SNPs along chromosomes was not uniform, with seven gaps of more than 10 Mb, and many of them occurred in centromeric or pericentromeric chromosomal regions. The observed distribution may be due to the lack of polymorphisms (conserved regions), methylation events or filtering of repetitive regions during bioinformatics analysis. Centromeric regions are typically highly methylated and are, therefore, poor substrates for digestion with methylation-sensitive enzymes, such as ApeKI, leading to a lower density of mapped reads and SNPs in these regions (Sonah et al., 2013) . By contrast, high-density SNP regions were found near telomeric or subtelomeric regions (see Supplemental Fig. S2 ). Gaps and saturated regions of molecular markers have also been found in the development of linkage genetic maps due to the irregular distribution of detected polymorphic markers or different recombination rates along the chromosomes (Pérez Vega et al., 2010) . This large scale genotyping provides the opportunity to scan whole chromosomes and identify changes due to the breeding process. Results also ( Martin et al., 1991) . Now, a GBS analysis reveals many markers with known sequences and physical positions in the bean genome. However, scanning the chromosomes revealed that several regions (apart from the region carrying the resistance genes) can be introgressed in NIL (e.g., NIL A1220 and A1258). Based on the genetic positions of introgressed genes (or linked markers), it was possible to identify nonspecific regions (introgressed at random) against the region carrying the resistance genes. The occurrence of these nonspecific introgressed regions in NIL suggests that, at these positions, there are no genes with a relevant role in the phenotypic control of the recurrent parent's trait, such as with seed phenotype. In fact, quantitative trait loci involved in the genetic control of seed traits (Pérez-Vega et al., 2010) were not mapped to nonspecific introgressed regions. The physical positions revealed in this study agree with the genetic analysis, which located genes I, LGs Pv02, Pv04, Pv06, and Pv11, respectively. The dominant I gene was directly mapped on the LG Pv02 and the underlying genomic region was physically located between positions 48.13 to 48.28 Mb in chromosome Pv02 (Bello et al., 2014) . The By-2 gene conferring resistance to Bean yellow mosaic virus, was also located in a similar position (47.99-48.96 Mb) through a genome-wide association study (Hart and Griffiths, 2015) . The SNPs tagging a region in a similar physical position were introgressed in the six NIL, A1878, A2418, A2806, A3308, X1612 and X2776, with resistance to BCM ( Fig. 1 and 2 ; Supplemental Tables S3a and S3b ). The origin of BCM dominant resistance in NIL A2806, A3308, and X2776 can be elucidated. These lines have the resistance sources BCM BRB130 and Sanilac Bc6-Are in their genealogies, but they carry the introgressed fragment derived from BRB130 considering the genotype and the size of the introgressed fragments (Supplemental Table S2 ); these lines have in the chromosome Pv02 a larger block (47.93-48.95/48.92 ) than expected if derived from ).
The recessive bc-3 gene, conferring resistance to BCM in combination with other loci (I or bc-u) , was mapped to LG Pv06 (Johnson et al., 1997) . In NIL derived from the resistant sources BRB130 and IVT7214, we physically mapped a common region at the coordinate 28-29 Mb of chromosome Pv06, which probably contains the bc-3 gene. The border of this delimited region included the gene Phvul.006G168400, which encodes a translation initiation factor that has been associated with resistance to potyvirus (Naderpour et al., 2010) . This gene was located in a nontagged region, in the physical position between the last nonintrogressed SNP and the first introgressed SNP. Interestingly, NIL A2648, which was derived from IVT7214, had three introgressed regions involving chromosomes Pv06, Pv08, and Pv11 ( Fig. 1 and 2) . Line IVT7214 carried resistance to BCM that was conferred by the recessive combination of genes bc-u, bc-2, and bc-3 (Drijfhout, 1978; Strausbaugh et al., 2003) . To date, the locations of the genes bc-u and bc-2 have not been clearly indicate that these genomic fragments were transmitted in the breeding generations like a block, without events of recombination within them. This suggests that alleles of the loci included in these regions show strong linkage disequilibrium. This fact is relevant in building genetic maps, marker-assisted selection or genomic selection process in which the number, position and distribution of the markers should be considered (Heffner et al., 2009) . One or two markers could be enough to tag each genomic region delimited in this analysis.
Backcrossing method has usually been used for the introgression of traits controlled by a limited number of genes in elite cultivars (Fehr, 1987) . The goal of backcrossing is to incorporate the gene of interest in a line as identical as possible to the recurrent parent. A backcrossing program usually includes six backcross generations so that, in each generation the proportion of the genotype from the recurrent parent (elite cultivar) is incrementally increased (+50%) compared with the genotypic proportion from the donor (-50%). In absence of selection for recurrent phenotype, the theoretical genotypic proportion from the donor line after six backcross generations is 0.78% (Stam and Zeven, 1981) . Results from the seven NIL derived from backcrosses revealed that this backcrossing method resulted in the introgression of specific genomic regions into some chromosomes. The size of the introgressed regions varied between 1.67 Mb (A1231) and 35.51 Mb (A1258), representing between 0.32 and 6.88% of the bean genome. The average percentage of the introgressed genome tagged by the SNPs was 2.33% in the seven lines directly derived from the backcrossing program. This proportion was higher than expected, which may be due to an overestimation of the introgressed fragment sizes because of the nonuniform tagging. In contrast, the pedigree method led to many recombination between both parents (Fig. 2) . The Xana line, derived from the cross A25 × V203, mostly exhibited genomic regions with the V203 genotype in five chromosomes. Finally, the pyramiding process resulted in the reduced number and sizes of introgressed fragments, probably due to recombination events (Supplemental Table S2 ). For instance, in chromosome Pv11, there was a reduction in the size of the introgressed fragments in the three lines derived from A252, A1258 (introgressed regions cover 70% chromosome), A1699 (58.1%), and A3308 (3.2%). The reduction in introgressed regions observed after the pyramiding process suggests that recombination could improve the approach to resistance genes.
The changes detected among recurrent parent and NIL in chromosomal regions are candidate regions that may contain the genes governing the characteristics modified through breeding programs. This knowledge represents a method to identify specific regions and origin of genes governing the expression of traits. Polymorphisms between the recurrent parents and the obtained NIL were used to identify markers linked to resistance genes. Then, linkages between candidate markers and resistance loci were verified in segregating populations
established. An allele of the bc-1 gene (bc- 1 2 ) is linked to the SCAR marker SBD5 1300 , which was mapped to LG Pv03 (Miklas et al., 2000) . Bc-u has been reported to be linked to bc-1, so its location on chromosome Pv03 has been established (Strausbaugh et al., 1999) . The identification of the introgressed regions on the end of chromosome Pv08 and at the beginning of chromosome Pv11 suggests that these lines might carry one of the unlocated genes that confers resistance to BCM, such as the bc-2 gene. Also, it is possible that the recurrent line A25 contains the bc-u gene, so that the region with the bc-u gene cannot be identified in the NIL. In this scenario, the introgression of the gene bc-1, bc-2, or bc-3 can also result in genotypes resistant to BCM. This possibility agrees with the observed resistance reaction to local BCMNV exhibited by the line X2776 in which the I region has been introgressed but not the bc-3 region (Supplemental Table  S3e ). Genetic combinations of gene I with bc-1 or bc-2 also result in resistance reactions to some BCMNV strains (Drijfhout, 1978; Strausbaugh et al., 2003) .
Loci conferring resistance to races of C. lindemuthianum were located at the beginning of LG Pv04, forming a complex cluster of race-specific genes (cluster Co-3; . Six resistant loci flanked by markers Pv-ctt001 and SW12 (sequences available at http:// phaseolusgenes.bioinformatics.ucdavis.edu/, verified 30 Nov. 2016) were mapped in this position of LG Pv04 (Campa et al., 2014) . In other cases, variations in the resistance spectra of genotypes with anthracnose resistance mapped in this position have been interpreted as different alleles of the same locus, including Co-3 2 from Mexico 227, Co-9 from PI 207262 and BAT93 (renamed as Co-3 3 ), Co-3 4 from Ouro Negro, and Co-3 5 in MSU-7 (Gonçalves- Vidigal et al., 2013; Sousa et al., 2015) . NIL derived from the anthracnose resistance sources A493 and A321 carried an introgressed common region at the beginning of chromosome Pv04. This position agrees with results that indicated that these NIL have resistance genes in the Co-3 cluster (Ferreira et al., 2012; Méndez-Vigo et al., 2005) and corroborated the physical positions of the linked markers Pv-ctt001 and SW12. The data from a Genome-Wide Association Study (GWAS) involving 230 Andean beans indicated that the resistance to races 7 and 109 also resides in the physical position 0.21 to 0.53 Mb of chromosome Pv04 (Zuiderveen et al., 2016) . However, the markers g2303 and g2685, which were closely linked to genes Co-3 4 and Co-3 5 , align with sequences in the coordinates 3.35 and 9.0 Mb of chromosome Pv04, respectively, indicating that the Co-3 cluster can extend from 1.72 Mb. Indeed, the line A1220 has two regions introgressed in this position between 0.4 and 4.72 Mb ( Fig. 1 and 2) . The presence of other anthracnose resistance genes, close to the delimited region, agrees with the association detected with marker located in the physical position 2.70 and 4.39 Mb (Perseguini et al., 2016) .
A cluster of race-specific resistance genes conferring resistance to different isolates of C. lindemuthianum, were mapped in a distal position of LG Pv11 (Campa et al., 2014; . A genetic analysis indicated that NIL derived from Sanilac Bc6-Are and A252 carried resistance genes located in the Co-2 cluster (Ferreira et al., 2012) . Through investigating the lines derived from Sanilac Bc6-Are and A252, two introgressed regions were delimited in the end of chromosome Pv11. Only one region of 0.1 Mb was common between both regions. Interestingly, the delimited regions included two blocks separated by more than 0.1 Mb, and they were tagged by at least two adjacent SNPs with the recurrent genotype. This finding suggests a high rate of recombination in these chromosomal regions and the presence of several loci involved in the reactions to specific races (e.g., two complementary and linked loci). The molecular markers SCAreoli and SQ4, linked to anthracnose resistance gene Co-2, are physically located at 47.13 and 48.06 Mb, respectively. Observed differences in the physical positions depending on the resistance source can explain any differences in the resistance spectra of these lines. NIL derived from A252 were resistant to races 31 and 38, while NIL derived from Sanilac Bc6-Are were susceptible to race 31 and resistant to race 38 (Ferreira et al., 2012) . Both races were used in the pyramiding process, which suggests that the resistance gene to race 31 is located in the genomic region between 45.1 and 46.7 Mb. The position of the resistance gene to race 38 is most probably located on the common delimited genomic regions (46.97-47.07), although it is also possible that several loci governing the resistance to the same race are located in different physical positions.
The number of underlying genes identified in the delimited genomic regions was large (ranging between 20 and 162), although the approach allowed us to discard more than 99.4% of the genes annotated in the reference genome of the species when attempting to identify genes associated with resistance (27193 genes annotated in bean genome; Schmutz et al., 2014) . By considering genes only encoding proteins that contained R domains (LRR, TIR-NBS, and PK), which are typically involved in the resistance response (Dodds and Rathjen 2010; Gururani et al., 2012) , the number of candidate genes can be reduced, ranging from between 2 and 70. The identification of the loci involved in the resistance response can involve transcriptome analyses under different conditions, which can detect the differential expressed genes of the delimited region directly involved in the response (Wang et al., 2009 ). However, the identification can be difficult because delimited regions, such as Co-3 and Co-2, contain numerous genes encoding similar domains and resistance sources may contain more copies in the repetitive gene clusters that do not appear in the reference genome. In any case, this research provides high resolution into the chromosomal regions that contain the resistance alleles to two economically important bean diseases (anthracnose and BCM) and verify the physical positions of the four resistance genes. In addition, this study shows a greater physical approach to the anthracnose resistance genes Co-3 and Co-2 whose physical positions have not been clarified previously (David et al., 2009; . The results can be used to develop new molecular markers linked to resistance genes based on the reference genome sequences of the delimited regions (e.g., Trabanco et al., 2015) and, to investigate which annotated genes control resistance in each case. The linkage disequilibrium among loci included within the delimited genomic regions can be exploited in genomic selection programs involving theses rich regions in resistance genes.
Conclusions
In this study, GBS was used to identify and delimit the introgressed genomic regions that contain the resistance alleles to economically important bean pathogens in a well-characterized set of NIL. Genotyping-by-sequencing allowed us to quickly scan whole chromosomes and identify changes due to the breeding process. This research provided significant information for understanding of the changes occurring in backcrossing programs. We found that the backcrossing method used in the development of NIL resulted in the introgression of a variable number of genomic blocks into some chromosome. The average percentage of introgressed genome was higher than expected after six backcrossing generations (0.78%). Large-scale genotyping supplied by GBS also allowed us to delimit the genomic region including the introgressed resistance genes to anthracnose and potyvirus (genes I, and to verify their physical position on the chromosomes Pv02, Pv04, Pv6, and Pv11, respectively. In addition, results indicated that delimited genomic regions were transmitted along the breeding generations like a block, so this knowledge can be exploited in selection programs involving these regions rich in resistance genes.
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